Objectives The blood-brain barrier (BBB) and blood-nerve barrier (BNB) comprise the brain/peripheral nerve-specific barrier system, formed by microvascular endothelial cells, pericytes and astrocytes in the BBB, and microvascular endothelial cells and pericytes in the BNB. The differences in the detailed cellular biology among these cells are still unclear. The purpose of the present study was to quantify and compare the cytokine/chemokine/ growth factor levels in BBB-and BNB-composing cells. Methods We quantified the levels of 27 cytokines/chemokines/growth factors in human umbilical vein endothelial cells, human brain and peripheral nerve microvascular endothelial cells, pericytes, and astrocytes using a multiplexed fluorescent bead-based immunoassay system. Results Basic fibroblast growth factor and regulated on activation, normal T cell expressed and secreted were mainly produced by both astrocytes and peripheral pericytes. Vascular endothelial growth factor and interferon-inducible protein of 10 kDa were secreted by astrocytes. Interleukin-1b, interleukin-6, interleukin-8 and macrophage chemoattractant protein-1 were produced more abundantly by brain and peripheral nerve pericytes than by astrocytes. Larger amounts of basic fibroblast growth factor; interferon-inducible protein of 10 kDa; regulated on activation, normal T cell expressed and secreted; and tumor necrosis factor-a were secreted by brain microvascular endothelial cells than by peripheral nerve microvascular endothelial cells or human umbilical vein endothelial cells. Conclusions Similar to brain pericytes and astrocytes, peripheral nerve pericytes produce several cytokines, chemokines and growth factors. This suggests that these cells contribute to the barrier functions in the BNB, in the same manners as brain pericytes and astrocytes do in the BBB.
Introduction
The blood-brain barrier (BBB), formed by microvascular endothelial cells, pericytes and astrocytes, plays a critical role in the maintenance of brain homeostasis, regulation of influx and efflux transport, and protection from harm. 1, 2 The blood-nerve barrier (BNB) is a peripheral nerve-specific barrier formed by microvascular endothelial cells and pericytes in the endoneurium. 3, 4 The BNB has been considered to be more leaky than the BBB, but recent reports suggest that the BNB has almost the same barrier system properties as the BBB. 5 However, the BNB lacks cells that correspond to astrocytes, an important component of the BBB. Astrocytes provide important regulatory factors, such as transforming growth factor-b and basic fibroblast growth factor (bFGF), to endothelial cells and influence particular barrier functions, such as the permeability and expression of tight junctions in the BBB.
such as bFGF and vascular endothelial cell growth factor (VEGF) , that contribute to the regulation of the BNB function and play a role similar to that of astrocytes and pericytes in the BBB. 8 To further evaluate the phenotypic differences between the BBB-and BNB-composing cells, we compared the level of 27 cytokines/chemokines/growth factors produced by these cells.
Methods

Multiplexed fluorescent bead-based immunoassays
Immortalized human BBB/BNB cell lines (brain microvascular endothelial cells [BMEC] , peripheral nerve microvascular endothelial cells [PnMEC], brain pericytes, peripheral nerve pericytes and astrocytes) were generated in our laboratory, as previously described. [8] [9] [10] [11] All of the analyses were carried out 5 days after a temperature shift from 33 to 37°C. The cells were lysed in the lysis buffer (Bioplex cell lysis kit with protease inhibitors; Bio-Rad, Hercules, CA, USA) using an ultrasonic homogenizer.
The concentrations of 27 cytokines/chemokines in equal amounts of protein (22.5 lg) from each lysate obtained from these cells were analyzed using the Bio-Plex human 27-Plex cytokine panels and a BioPlex cytokine reagent kit (Bio-Rad). The amount of cytokines/chemokines/growth factors, including interleukin (IL)-1b, IL-2, IL-4, IL-5, IL-6, IL-7, CXCL8/IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, IL-1 receptor antagonist (IL-1ra), VEGF, granulocyte colony-stimulating factor, platelet-derived growth factor-11, fibroblast growth factor-2, granulocyte-macrophage colony-stimulating factor, tumor necrosis factor (TNF)-a, interferon (IFN)-c, CCL2/ macrophage chemoattractant protein-1, CCL3/ macrophage inflammatory protein-1a, CCL4/macrophage inflammatory protein-1b, CCL5/regulated upon activation, CCL11/eotaxin, CXCL10/IFN-inducible protein of 10 kDa (IP-10), and regulated upon activation, normal T cell expressed and secreted (RANTES), were measured in the present study. The concentrations of cytokines/chemokines/growth factors were calculated by referencing a standard curve for each set of molecules derived from various concentrations of the standard assays.
Statistical analysis
Statistical analyses were carried out using the Prism 7 software program (GraphPad Software, La Jolla, CA, USA), and one-way ANOVA between individual groups was carried out using Tukey's multiple comparisons test. All values are expressed as mean AE standard error of the mean. *P < 0.001 was considered to show significance in comparisons among groups.
Results
Comparison of the 27 cytokines/chemokines/growth factors produced by BBB-/BNB-composing cells Table 1 shows the profiles of the 27 cytokines/ chemokines/growth factors in the BBB-/BNB-composing cells. The level of bFGF and RANTES in astrocytes was significantly higher than that in brain pericytes and BMEC, and the level of these growth factors in peripheral nerve pericytes were significantly higher than in PnMEC (Fig. 1a,d ). The level of VEGF and IP-10 in astrocytes was significantly higher than that in brain pericytes or BMEC (Fig. 1b,c) . The levels of IL-1b and IL-6 in brain pericytes were significantly higher than in astrocytes and BMEC (Fig. 1e,f) , and the levels of IL-1b and IL-7 in peripheral pericytes were significantly higher than in PnMEC (Fig. 1e,g ).
The levels of bFGF, RANTES, IL-10 and TNF-a in BMEC were significantly higher than in HUVEC and PnMEC (Fig. 1a ,c,d,h).
Discussion
We used a multiplexed fluorescent bead-based immunoassay on our human BBB-/BNB-composing cell lines to evaluate which cells were the main source of cytokines/chemokines/growth factors, contributing to the BBB/BNB maintenance. Our previous reports showed that the barrier function of the BNB was significantly strengthened by incubation with bFGF and weakened by exposure to VEGF. 8 The present study showed that bFGF is secreted by astrocytes in the BBB and by peripheral pericytes in the BNB, suggesting that peripheral nerve pericytes can strengthen the barrier function in the BNB, as astrocytes do in the BBB. In the present study, VEGF was mostly produced by astrocytes in the BBB, reflecting the important roles of astrocytes on the barrier regulation by the BBB. 1 Pericytes are mural cells surrounding the capillary endothelial cells, and are embedded within the basement membrane of the vasculature. 12 Pericytes are a critical component of the BBB and BNB, and play an important role in the maintenance of the BBB and BNB through their interaction of endothelial cells. 13 The density, morphology and function of pericytes differ among the vascular beds from various organs, reflecting their heterogeneous characteristics.
14 The developmental origins of pericytes are also heterogeneous: brain pericytes originate from the ectodermderived neural crest, whereas pericytes in the lung, liver and gut originate from the endoderm, and heart pericytes originate from the mesoderm. 15 A group recently reported that the some pericytes are derived from myeloid progenitors in the developing brain, and transforming growth factor-b promotes the differentiation of myeloid progenitors into pericytes. 16 The characteristic of peripheral nerve pericytes and the contribution of myeloid progenitors to the BNB are still unknown. Our present data showing the difference in the cytokine/chemokine/growth factor profiles of brain and peripheral nerve pericytes might provide a more detailed understanding of the cellular characteristics of peripheral nerve pericytes.
TNF-a and IL-1b are prototypic pro-inflammatory cytokines, known to increase the barrier permeability in the BBB. 17, 18 These cytokines are reported to be secreted by endothelial cells or astrocytes in the BBB. 19, 20 The present study showed that TNF-a was mainly produced by BMEC, whereas IL-1b is mostly secreted by brain or peripheral nerve pericytes. In addition, IL-6 is a pro-inflammatory cytokine and produced mainly by brain pericytes in the present study, although previous reports have focused on the role of astrocytes as the main source of IL-6 in the BBB. 1, 11 These basic data are important, as monoclonal antibodies against these cytokines (TNF-a, IL-1b and IL-6) are now used for the treatment of several autoimmune disorders. 21 However, the effectiveness of these monoclonal antibodies for treating autoimmune diseases of the central nervous system remains limited because of the poor permeability of these drugs across the BBB. The present findings show that antibodies against IL-1b and IL-6 cannot directly reach the primary target -brain pericytes -across the BBB, whereas TNF-a antibodies can reach their target BMEC, which are a source of TNF-a. Unit: pg/mL. AST, astrocytes; B-PCT, brain pericytes; FGF, fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocytemacrophage colony-stimulating factor; IL, interleukin; IL-1ra, interleukin-1 receptor antagonist; IP, induced protein; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; P-PCT; peripheral nerve pericytes; PDGF, platelet-derived growth factor; RANTES, regulated upon activation, normal T cell expressed and secreted; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
IP-10 and RANTES are involved in the transendothelial migration of leukocytes and/or lymphocyte across the BBB. [22] [23] [24] In the present study, IP-10 was mainly secreted by astrocytes, and RANTES is predominantly produced by astrocytes and peripheral nerve pericytes. These results suggest The level of regulated upon activation, normal T cell expressed and secreted (RANTES) in astrocytes was significantly higher than that in brain pericytes and BMEC. The RANTES level in peripheral nerve pericytes was significantly higher than that in PnMEC. The level of RANTES in BMEC was significantly higher than that in HUVEC and PnMEC. (e) The level of interleukin (IL)-1b in brain pericytes was significantly higher than that in astrocytes and BMEC, and that in peripheral pericytes was significantly higher than that in PnMEC and astrocytes. (f) The level of IL-6 in brain pericytes was significantly higher than that in astrocytes and BMEC. (g) The level of IL-7 in peripheral pericytes was significantly higher than that in PnMEC. (h) The level of tumor necrosis factor (TNF)-a in BMEC was significantly higher than that in HUVEC, PnMEC, brain pericytes and astrocytes.
that the migration of lymphocytes is potentially aided by astrocytes in the BBB and pericytes in the BNB. IL-7 is a cytokine that is important for B-and T-cell development. 25 IL-7 is produced by peripheral nerve pericytes, but the role of these cells in BBB/ BNB function remains unclear.
The expression of bFGF, RANTES and IP-10 in BMEC was higher than in other endothelial cells. We speculate that bFGF secreted by BMEC helps to maintain the BBB in an autocrine manner, and IP-10 and RANTES are the candidate targets for the development of BBB-specific antibody drugs to inhibit T-cell migration efficiently across the BBB.
The present study had a limitation. Our cytokines/ chemokines/growth factor profiles were derived from cells only under non-stimulated conditions. It is still unclear which cells are the main source of inflammatory cytokines/chemokines under a stimulated condition, including lipopolysaccharide or IFN-c stimulation, or exposure to the patient's immunoglobulin G. We recently reported the upregulation of IP-10 release by BBB endothelial cells in patients with neuromyelitis optica spectrum disorder 26 and that by BNB endothelial cells in patients with multifocal acquired demyelinating sensory and motor neuropathy, a variant of chronic inflammatory demyelinating polyneuropathy. 27 A further study showing the changes in the cytokine/chemokine release, (e.g. IL-1b, TNF-a and IL-6), secreted by BBB or BNB cells after stimulation with IFN-c/ lipopolysaccharide/patient sera might be useful for understanding which cells and cytokines/chemokines play an important function under pathological conditions.
In conclusion, peripheral pericytes in the BNB, as well as astrocytes in the BBB, secrete several cytokines/chemokines/growth factors that contribute to regulating BBB/BNB function. Understanding which cells secrete these cytokines in the BBB/BNB is useful for the development of novel molecule-/cell-specific targeted biological drugs.
